Abbreviation Key: GAPDH = glyceraldehyde phosphate dehydrogenase; NPY = neuropeptide Y; PCR = polymerase chain reaction; PSM = parent stock male feed restriction protocol used by Ross Breeders; PVN = paraventricular nucleus; RA = relaxed ad libitum feeding; RNase = ribonuclease; RR = relaxed restricted feeding; SA = selected ad libitum feeding; SR = selected restricted feeding. All groups of birds were killed at an average body weight of 2.4 kg. The NPY mRNA levels were significantly increased (P < 0.0001) in feed-restricted birds of both lines relative to ad libitum controls. No significant differences were detected between the lines. These results show that NPY gene expression in the broiler hypothalamus is sensitive to changes in energetic status, as it is in mammals. However, the maintenance of selection pressure for high growth rate is not associated with altered hypothalamic NPY mRNA levels in the ad libitum or restricted state.
INTRODUCTION
The rapid growth rate of the modern broiler chicken is associated with a number of management and welfare problems. These include impaired reproductive performance (Robinson et al., 1993) , muscular, skeletal, and metabolic disorders, excessive body fat, and high mortality (Zubair and Leeson, 1996) . The practice of giving broilers reduced rations of feed to decrease their growth rate has been generally successful in reducing these adverse effects (e.g., Hocking et al., 1989; Katanbaf et al., 1989) . Consequently, routine restricted feeding of broilers and broiler parent stock has been widely adopted by the poultry industry. However, the benefits derived from restricting feed intake are offset by concerns that the welfare of restricted birds is compromised because they are unable to satisfy their hunger. Consistent with this, monitoring of various behavioral and physiological indices has suggested that feed-restricted broilers are stressed Savory et al., 1996) .
An understanding of the neurobiological mechanisms activated by feed restriction may enable new approaches to be adopted for managing the regulation of body weight in broilers. Research in mammals has revealed that the behavioral and neuroendocrine response to energy deprivation is coordinated, in part, through the actions of neuropeptide Y (NPY) in the hypothalamus (Schwartz et al., 1995) . Weight loss induced by feed restriction or deprivation stimulates gene expression of NPY in the arcuate nucleus, and increases NPY peptide content and release in the paraventricular nucleus (PVN) (Sahu et al., 1988; White and Kershaw, 1990; Kalra et al., 1991) . NPY potently stimulates feed intake when injected into the PVN, and concomitantly promotes anabolism by decreasing thermogenesis and stimulating the activity of lipogenic enzymes (Clark et al., 1984; Billington et al., 1994) . Thus, NPY mediates a compensatory response to starvation by promoting feeding and energy storage when feed becomes available.
In broilers, NPY stimulates feeding and insulin secretion when injected into the brain (Kuenzel et al., 1987; Kuenzel and McMurtry, 1988) , which suggests that the peptide induces anabolic effects in birds comparable to those in mammals. A role for NPY in the regulation of energy balance in broilers is also supported by the finding of a greater density of NPY binding sites throughout the broiler brain when compared with that in White Leghorns (Merckaert and Vandesande, 1996) . We have adopted a molecular approach for investigating the functions of NPY in birds, and have recently used a combination of in situ hybridization and immunocytochemistry to demonstrate that NPY is synthesized in the brains of bantam and Brown Leghorn chickens and in Japanese quail (Boswell et al., 1998) . In the present study, we first address the hypothesis that levels of NPY mRNA are increased in the hypothalamus of growing broilers given a commercial program of feed restriction when compared to those in birds allowed to feed freely. Second, we test the hypothesis that genetic selection for rapid growth rate is associated with increased hypothalamic NPY mRNA levels by comparing NPY gene expression in a commercial broiler line with a control line in which selection for growth rate has been relaxed since 1976.
MATERIALS AND METHODS

Animals and Husbandry
Observations were made on a Ross male line selected for rapid growth rate ("selected") and a control line ("relaxed") derived from the same founders and not selected for rapid growth rate since 1976 (Nicholson, 1998) . At 6 wk of age, average body weights of the ad libitum selected and relaxed lines were 2.4 and 1.2 kg, respectively. Female broilers from each line were randomly divided as 1-d-old chicks into two groups, to be fed ad libitum or on a restricted feeding regimen, and reared in floor pens on wood shavings. Thus, the birds used for the present study consisted of four separate groups: selected ad libitum (SA); selected feed-restricted (SR); relaxed ad libitum (RA); and relaxed feed-restricted (RR). The broilers were reared on a decreasing day length from Day 1 to 5 (23 h light, Day 1 and 2; 19 h light, Day 3; 16 h light, Day 4) and on 14 h light thereafter. Light intensity was 60 lx, ambient temperature 20.5 to 23.5 C, and the relative humidity was 48.8 to 57.7%.
Birds were fed a commercial broiler starter diet (3,000 kcal ME/kg, 238.12 g/kg CP), and water was continuously available. All birds consumed feed ad libitum until 11 d of age, when restriction began for one group of each line. The SR birds were fed according to the Ross Parent Stock Male (PSM) protocol. After measuring feed intake of the SA group, the percentage of feed restriction was calculated for the selected birds. The RR group was then restricted by this same percentage of the intake of the RA group. Restricted birds of both lines received half their daily feed ration at 0900 h and the remainder at 1600 h. All groups were killed when they reached an average body weight of 2.4 kg. For the SA, RA, SR, and RR groups, this occurred at 6, 12, 13, and 22 wk of age, respectively (Table  1) . After the SA group was killed, the SR birds were maintained on the PSM feeding program, and the RR group was fed 45% of the RA group intake. When the RA birds were killed, the level of feed restriction in the RR group was calculated to maintain the previous growth rate. The birds were killed by cervical dislocation. Animal procedures were in accordance with United Kingdom Home Office regulations.
Ribonuclease Protection Assay
The NPY mRNA was measured by ribonuclease (RNase) protection assay according to a protocol used previously in our laboratory for analysis of other mRNA (Ohkubo et al., 1998) . The hypothalamic dissection included the preoptic and basal hypothalamus as described previously (Lal et al., 1990) . Dissected tissue was frozen in liquid nitrogen before storage at -70 C. Total RNA was isolated using the reagent RNAzol ™ B 2 according to the manufacturer's instructions.
The NPY riboprobe used in the present study has been previously validated in chickens in our laboratory by Northern hybridization, and by in situ hybridization (Boswell et al., 1998) . Briefly, oligonucleotide primers based on the sequence for chicken NPY cDNA (Blomqvist et al., 1992) were designed to amplify a 203-base fragment extending from Exon 3 (position 230) to Exon 4 (position 433). After polymerase chain reaction (PCR) amplification, this fragment was inserted into the EcoRV site of pBluescript II SK+ 3 and transformed into Escherichia coli DH5aF′. After linearization with EcoRI, a 262-base antisense chicken-NPY RNA probe was transcribed from the T7 promoter using T7 RNA polymerase, 4 and [a-32 P]UTP 5 was used for labeling. NPY riboprobes were labeled to a specific activity of 7.5 × 10 17 Bq/m and 3.2 × 10 -9 m were added to each tube.
A construct containing a portion of the glyceraldehyde phosphate dehydrogenase (GAPDH) gene was used to control for RNA loading. A 103 bp fragment from position 1141-1243 of the chicken GAPDH gene (Panabieres et al., 1984) , followed by 15 bases of pBluescript II SK+ multiplecloning site (position 705-719) was cloned into the PstI site of pTZ18r 6 and transformed into E. coli DH5aF′. A clone, in the correct orientation to produce antisense RNA transcripts from the T7 promoter, was linearized with HindIII. When transcribed with T7 RNA polymerase, a 172 bp RNA transcript was generated. The GAPDH riboprobe was labeled with [a-32 P]UTP 5 at low specific activity (7.9 × 10 15 Bq/m) and, to ensure a molar excess, approximately 1.5 × 10 -7 m were added to each tube.
After RNase protection assay, the gel was dried and exposed to a PhosphorImager ™ plate 7 for 16 h. Digitized images were captured with the PhosphorImager ™ and densitometric quantification was performed by image analysis on an Apple Power Macintosh 4400/200 computer with the public domain NIH Image program. 8 Values for NPY mRNA levels were expressed as the ratio of NPY mRNA to GAPDH mRNA. To avoid interassay variation, samples from all experimental groups were run on a single gel. Sample sizes were seven for the SA, SR, and RR groups, and six for the RA group. The mean body weights and ages at the time of sampling for these birds are given in Table 1 .
Statistical Analysis
Results were analyzed with commercial statistical programs (StatView ™ and SuperAnova ™ , 9 ) using singlefactor ANOVA for body weight data, and two-factor ANOVA for NPY mRNA data. Differences between feeding regimens within selected or relaxed lines of birds were compared using unpaired-sample t tests. Results are given as mean ± SEM.
RESULTS
The body weights of ad libitum and restricted birds of both lines averaged 2.4 kg at death, and did not differ significantly [F,(3,23) = 1.013, P > 0.05] (Table 1) .
Feed-restricted broilers of both relaxed and selected lines showed significantly [F(1,23) = 20.55, P < 0.0001] higher levels of NPY mRNA in the hypothalamus than the ad libitum birds (Figure 1) . In both lines, NPY mRNA levels in the restricted groups were twice those of the ad libitum birds. However, NPY mRNA did not differ significantly between the selected and relaxed lines [F(1,23) = 0.084, P > 0.05], and there was no significant interaction between line and feeding regimen [F(1,23) = 0.002, P > 0.05].
DISCUSSION
This study demonstrates that chronic feed restriction of growing broilers is associated with an increase in the steady-state abundance of NPY mRNA in the hypothalamus. This finding is consistent with a preliminary study of ISA Brown laying hens, in which we found increased hypothalamic NPY mRNA after a 48-h period without feed (Boswell et al., 1997) . Increased hypothalamic NPY mRNA in response to feed deprivation or restriction is a well-established phenomenon in laboratory rodents (White and Kershaw, 1990) . Among other nonmammalian vertebrates, NPY mRNA levels have also been reported to increase in the hypothalamus of salmon after feed deprivation (Silverstein et al., 1998) . Thus, activation of hypothalamic NPY gene expression by energy deprivation appears to be a mechanism that has been conserved during vertebrate evolution.
Although hypothalamic NPY gene expression was increased by feed restriction in the present study, no significant differences in NPY mRNA levels were detected between the selected and relaxed birds under either ad libitum or restricted feeding conditions, which suggests that recent selection for increased growth rate in these birds is not associated with altered gene expression of NPY in the hypothalamus. However, it cannot be discounted that selection for rapid growth in broilers, with its associated increase in appetite, is linked to changes in the activity of the NPY signaling pathway. This possibility is supported by a study in which NPY receptor binding was compared between the brains of broilers and White Leghorns (Merckaert and Vandesande, 1996) . No differences were found in the localization of NPY binding sites between the two strains, but binding density was two to three times higher throughout the broiler brain. Thus, the dynamics of NPY synthesis and release may differ in broilers when compared to lean strains of chickens.
The experimental design used in the present study compared ad libitum and restricted groups at an equivalent body weight. Thus, observations on NPY gene expression were made during the linear phase of the growth curve when the birds would be expected to have maximum appetite for linear growth. Although this design ensured that the different groups were compared at an equivalent phase of growth, it necessitated sampling birds of different ages, thereby introducing age as a possible source of variation. We do not consider, however, that the different sampling dates influenced our findings. Thus, the magnitude of the change in NPY mRNA levels between ad libitum and restricted birds of the two lines was similar, even though the selected groups were killed 6 to 9 wk before the relaxed groups. Moreover, this same magnitude of difference was present between the SR and RA birds, when both groups were approximately 12 wk of age.
In laboratory rodents, the increased hypothalamic NPY gene expression induced by feed restriction or deprivation appears to contribute to the regulation of energy balance by promoting weight gain in situations when animals are underweight (Davies and Marks, 1994) . It is likely that the increased hypothalamic NPY gene expression in feed-restricted broilers in the present study represents activation of a similar compensatory mechanism in birds. Experiments in which NPY has been injected into the brain of broilers suggest that increased release of the peptide induces anabolic effects (Kuenzel et al., 1987; Kuenzel and McMurtry, 1988) . These data are now supported by the findings from the present study of increased hypothalamic NPY mRNA after feed restriction. However, future investigations are necessary to determine whether increased hypothalamic NPY mRNA levels are translated into increased NPY peptide content and release.
In summary, the present study demonstrates that chronic feed restriction of growing broiler chickens, as used by the poultry industry, is associated with increased hypothalamic NPY mRNA. This observation supports a central role for hypothalamic NPY in the regulation of appetite in the chicken.
